available noninvasive methods for evaluating CKD in dogs, including the urine protein-to-creatinine (UPC) ratio, have been shown to be associated with glomerular and tubulointerstitial (TI) damage. For example, dogs with pyometra and a UPC >0.5 often had TI nephritis, and a UPC >1.0 was often associated with presence of glomerulosclerosis. 5 However, for the most accurate assessment of glomerular and TI damage type and severity, comprehensive evaluation of renal biopsies are typically required. 2, 4, [6] [7] [8] While renal biopsies enable the cause and severity of glomerular and TI damage to be diagnosed, they might not be practical due to financial constraints, surgery, or anesthetic risks. Additionally, biopsy findings do not always correspond with kidney function, particularly for multifocal lesions, such as TI fibrosis. 9 Minimally invasive, inexpensive methods that can determine renal damage severity without biopsy could be useful.
The urine of healthy dogs contains little to no protein because of the selective permeability of the glomeruli and the reabsorption capacity of the proximal tubules. 6, 7 In health, the glomerular filtration barrier allows free passage of low molecular weight (LMW) proteins (<40 kilodaltons [kDa] ) but restricts passage of most intermediate molecular weight (IMW) proteins (≥40 kDa and <70 kDa) and nearly all high molecular weight (HMW) proteins (≥70 kDa). 7 Proteins that filter from glomeruli into the urinary space are reabsorbed by healthy renal tubules. 7 Renal proteinuria, or the abnormal presence of proteins in urine due to renal disease, is common in canine CKD. 2, 3, 6 Major mechanisms of renal proteinuria include abnormal transglomerular passage of proteins due to increased permeability of the glomerular filtration barrier, impaired reabsorption of proteins by proximal tubular epithelial cells, and release of proteins/enzymes from damaged tubular epithelial cells. 7, 8, [10] [11] [12] In addition to being a hallmark of glomerular disease in dogs, renal proteinuria is also associated with kidney disease progression. 4, 7, 12 The role of proteinuria in CKD and progression to end-stage renal failure is often underappreciated, and proteinuria might be overlooked as an early biomarker of kidney disease. [2] [3] [4] 12, 13 Gel electrophoresis has been used to evaluate patterns of proteinuria in humans, rats, and dogs with various nephropathies, including correlations of electrophoretic protein banding patterns with renal histology and function. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In all species, evaluation of electrophoretic urine protein banding patterns was useful for determining the site of kidney damage (ie, glomerular, tubular, or both). [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Abundant HMW and IMW proteins indicate glomerular proteinuria while abundant LMW proteins signify tubular proteinuria. [15] [16] [17] [20] [21] [22] 26 Canine studies found that urine protein banding patterns correlate well with renal lesions, and patterns indicative of predominantly glomerular damage, predominantly tubular damage and mixed glomerular and tubular damage have been established. 17, 18, 20, 24 Proteins at 12, 15, and 21 kDa in canine urine were significantly associated with TI damage severity, and the presence of 12 or 15 kDa protein bands was highly specific for severe TI damage. 18 Few studies have explored the sensitivity and specificity of electrophoretic methods for detection of glomerular and TI damage 18 or proteinuria 19, 20, 28 in dogs. Sodium dodecyl sulfate agarose gel electrophoresis (SDS-AGE) had good sensitivity but poor specificity for detection of glomerular and TI lesions compared with histology. 18 It also had good sensitivity but variable specificity for detection of borderline proteinuria or proteinuria as compared with the measurement of UPC ratios, 19 urinary albumin, 28 or IgG. 20 The major objective of this study was to determine if urine elec- 
| Clinically healthy dogs
With client consent, urine was collected by cystocentesis from 18 client-owned dogs that were deemed healthy based on history, physical examination, CBC, serum chemistry, urinalysis, and UPC ratios. Additionally, banked urine supernatants collected by free-catch, and kidney biopsy tissues previously collected from 3 healthy control dogs for another study were used. 13 Urinalysis was performed within 2 hours of collection for all samples. UPC and sCr were determined for each sample as previously described. 11 Urine supernatant and serum were stored at −80°C before analysis. Urine samples from client-owned dogs were stored for a maximum of 6 months before analysis. Urine samples from healthy control dogs banked from a separate study were stored for a maximum of 5 years prior to analysis.
| Gel electrophoresis of urine supernatant
Nonreducing, denaturing gel electrophoresis was performed on all urine samples, typically within 2 months of collection, using precast 
| Analysis of gels
Digital photographs of the gels were analyzed with commercially available software (BioNumerics Version 6.6; Applied Maths, Austin, TX). Using default settings to limit manual correction of bands, the software detected protein bands, and dried gels were used to verify their presence. Each band was verified by at least two researchers.
The total number and molecular weights of the protein bands in each sample were determined. Inter-run percent coefficient of variation (CV%) was calculated for the total number of bands identified in each sample used for the repeatability analysis. 
| Gel scores

| Assessment of kidney pathology
Kidney biopsies were evaluated for glomerular damage (by LM and/ or TEM) and TI damage (by LM) and scored as previously F I G U R E 1 Representative urine samples from dogs with a wide spectrum of proteinuria levels resolved using gel electrophoresis to demonstrate application of the gel scoring system (Tables 1 and 2) . The inter-run CV% for the total number of protein bands in samples used in the repeatability analysis was <10% for all but one sample, which was 11.2%. Based on visual examination, no major differences in the number or intensity of bands were seen among repetitions. Each sample received the same glomerular gel score, and all but one received the same tubular gel score at each repeat. For the latter sample, a slightly higher tubular gel score was assigned on one run by one reviewer.
| Renal pathology findings
Most dogs had moderate glomerular damage (score ≥2) on both LM and TEM (Table 3) . Tubulointerstitial damage was generally less severe, with most cases receiving damage scores of <2 (normal to mild damage), and a few receiving scores of ≥3 (Table 3 ). Complete sets of damage scores were not assigned in all cases because of either limited biopsy specimens or histologic diagnoses based on LM, making TEM unnecessary.
| Gel score sensitivities and specificities for detection of glomerular and TI damage
A glomerular gel score ≥1 had highest sensitivity (97%) for detection of glomerular damage compared with UPC ratios ≥0.2 (95%), ≥0.5 (93%), ≥1 (90%), and ≥2 (81%). A glomerular gel score ≥1 and UPC ratios ≥0.2, ≥0.5, ≥1, and ≥2 were all 100% specific for glomerular damage. A tubular gel score ≥1 had highest sensitivity (90%) for the presence of TI damage compared with sCr ≥1.4 mg/dl (58%) and sCr ≥1.4 mg/dl + USG ≤1.030 (48%). A tubular gel score ≥1, sCr ≥1.4 mg/dl, and sCr ≥1.4 mg/dl + USG ≤1.030 were all 100% specific for TI damage. 
| Correlations of gel scores with glomerular and TI damage severities
55). Standard errors for all polychoric
T A B L E 3 The numbers and frequencies of dogs (both healthy dogs and those with chronic kidney disease) in each gel score and biopsy (damage) score category. Gel scores and glomerular damage scores followed an ordinal scoring system. Tubular/tubulointerstitial damage scores followed a continuous scoring system Sensitivities and specificities of glomerular gel scores for glomerular damage were excellent. Sensitivities were similar but slightly greater than using UPC ratios ≥0.2 or ≥0.5 to detect glomerular damage. While UPC ratios ≥2 indicated that glomerular damage is almost certainly present, 2,11 glomerular damage will be missed in some dogs if a UPC ratio ≥2 is routinely used as the criterion for glomerular damage in the absence of renal biopsy. Urine gel electrophoresis might provide additional support for the presence of glomerular damage when a renal biopsy is not feasible, particularly for dogs with minimal to mild proteinuria. The sensitivity and specificity of tubular gel scores for detection of TI damage were excellent, and the sensitivity was greater than when a sCr ≥1.4 mg/dL was used, supporting the insensitivity of this cutoff for detecting tubular damage in dogs.
11,37
Although sCr is a functional test rather than a direct test of kidney damage, it demonstrated the strongest correlation with tubular damage in this same cohort of dogs, 11 and in the absence of a readily available, noninvasive test of tubular damage and inability to perform a renal biopsy, sCr is often used by clinicians to infer the presence of TI damage/dysfunction, albeit often in conjunction with other findings such as isosthenuria. 38 Nearly all dogs had at least minimal to mild glomerular and tubular damage; thus, there were few true negatives and no false positives resulting in 100% specificity. It is possible that this would not be representative of other dog populations, and additional studies evaluating the specificity of the gel scoring system are needed.
Despite high sensitivities and specificities for glomerular and tubular gel scores for detection of biopsy-proven damage, gel scores were each only moderately correlated with glomerular and TI damage severities. Glomerular gel scores had the highest correlation with glomerular damage scores based on TEM, which approached a strong correlation and was higher than the correlation of glomerular biomarkers with glomerular damage scores evaluated in a previous study. 11 This is in contrast with the correlation of glomerular gel scores in cases with glomerular damage scores based on LM, which neared a weak correlation, and suggests that the glomerular protein banding pattern is more indicative of the degree of damage to the glomerular basement membrane ultrastructure than to changes F I G U R E 2 Boxplots representing the range of gel and biopsy (damage) scores, with cases categorized as primary glomerular (left) or primary tubular (right) disease. The average TI damage score is the average of scores for the 4 components of TI damage (fibrosis, atrophy, degeneration, and chronic inflammation). The Wilcoxon rank sum test was used to determine significant differences in gel or biopsy scores between primary glomerular and primary tubular disease categories: *P< 0.05; **P < 0.01. LM, light microscopy; TEM, transmission electron microscopy; TI, tubulointerstitial F I G U R E 3 Pairwise polychoric correlation analysis between each of the gel and biopsy scores. The X-axis indicates the strength and sign of the correlations. White shading indicates lack of correlation. Light to dark red shading indicates weak to strong negative correlations, respectively. Light to dark blue shading indicates weak to strong positive correlations, respectively. LM, light microscopy; TEM, transmission electron microscopy; TI, tubulointerstitial visible by LM. Subtle changes in the glomerular basement membrane and podocytes can result in altered protein filtration but might not be detectable on LM. 37, 39 In contrast, in cases with marked glomerulosclerosis, the severity of proteinuria based on gel electrophoresis might be inconsistent with the severity of glomerular damage on LM because sclerotic glomeruli do not contribute significantly to urine production. 40 The weak to modest correlations of the tubular gel scores with component or composite TI damage scores were lower than correlations of sCr and tubular biomarkers with TI damage scores, as found in a previous study. 11 (Table 3 and Figure 2 ). Conversely, TI damage can have a patchy distribution throughout the kidney, in which case a biopsy might under-or overestimate overall TI damage severity. In these cases, the gel score might be more representative of overall kidney damage. Additionally, it is possible that only minimal to mild TI damage is needed to cause functional tubular changes that result in LMW protein bands.
Several limitations existed in this study. Most samples were from proteinuric dogs that had a suspicion of glomerular, rather than tubular disease creating a bias for cases with predominantly glomerular damage. Despite this, a broad range of tubular damage scores was assessed. In future studies, it will be important to determine the sensitivity and specificity of gel electrophoresis for detection of TI damage in a cohort of dogs with a greater instance of primary tubular disease.
Although the overall sample size was large, limited numbers in certain categories might impact the correlation analyses. There were only 3 biopsies available from healthy dogs, and these were all analyzed by LM only. Thus, there were very few cases with an LM damage score of 0 and no cases with a TEM damage score of 0. While both LM and TEM are necessary to rule out the presence of glomerular disease completely, these dogs had extensive clinical evaluations and serial renal biopsies that were normal. 13 Because the correlational analyses were based on predominantly nonnormal samples, this causes a downward bias and a smaller correlation value.
Canonical correlation analysis for correlation of composite biopsy and gel scores was performed only for cases that had all biopsy scores available. However, 31 dogs had an LM but not a TEM damage score. In 11 of these cases (35%), this occurred because the definitive diagnosis was made by LM (amyloidosis), and TEM was unnecessary, while in 20 cases (65%), this occurred because insufficient renal tissue was submitted for TEM evaluation. Thus, in dogs with amyloidosis, exclusion of such cases was not random and might have altered the correlation of the composite scores.
While most (71%) urine samples had a corresponding urine sediment analysis, 29% of cases lacked this information. Most samples were collected at referral veterinary centers, ideally minimizing the likelihood of sediment abnormalities. We were also strict in our exclusion criteria for cases with active sediments; however, it is possible that cases with minimal hematuria or pyuria/bacteriuria were unknowingly included. Despite this, in our experience, additional bands seen with mild hematuria or pyuria/bacteriuria are limited when urine is normalized to USG prior to loading on the gel, particularly when compared to the overwhelming renal proteinuria observed in most cases.
Therefore, it is unlikely that significant changes in gel scores would have occurred even with the inadvertent inclusion of cases with active urine sediments. Additionally, it is unlikely that the urine collection method significantly altered gel scores as proteinuria has been shown to be only minimally affected by collection method. 41, 42 For some samples, the storage times prior to analysis varied substantially. While most samples were analyzed within 3 months of collection, samples from 3 healthy dogs underwent electrophoretic analysis several years post collection. However, in one study, proteinuric and nonproteinuric dogs had no visual changes on SDS-PAGE profiles after urine was stored at −80°C for up to 360 days. 43 In another study, there was no statistically significant storage effect on urine proteins from samples stored up to 8 years at −80°C.
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Finally, the gel scoring system has some limitations. We attempted to create an objective scoring system and included an example gel image to enhance future scoring reproducibility.
Although the use of the glomerular and tubular gel scoring algorithm generally provided repeatable results, it could not eliminate disagreement in scoring the degree of glomerular and tubular proteinuria.
This likely reflects differences in subjective scoring rather than true differences in banding patterns, band numbers, and/or band intensity.
In the future, methods to develop a more objective scoring system could be considered. Additionally, several clinical factors influence gel scoring, including renal maldevelopment, neutering status, hematuria, and pyuria. Renal maldevelopment usually presents with mild proteinuria, and much of the kidney does not produce urine. Consequently, gel banding patterns often do not reflect the severity of damage seen on histology. Regardless of the urine collection method, intact males often have several LMW protein bands (Figure S1 ) thought to be prostatic fluid proteins, one of which has been identified as arginine esterase. 20, [33] [34] [35] [36] These bands might confound assessment of tubular damage. In our experience, marked hematuria can result in a smudged LMW band at~14 kDa, and hematuria and pyuria can increase the number of LMW, IMW, and HMW bands, potentially altering glomerular and tubular gel scores ( Figure S1 ).
Therefore, samples with evidence of active urine sediments were excluded from analysis in our study.
In conclusion, while evaluation of urine samples using Bis-Tris gel electrophoresis cannot replace the comprehensive evaluation of a renal biopsy, it can complement biopsy findings and might help clinicians assess the presence and severity of glomerular and TI damage when a renal biopsy is not feasible. It can also help clinicians clarify which renal compartment is involved in cases with mild proteinuria.
Further studies looking at electrophoretic urine protein band changes during CKD therapy and in association with survival are also warranted. in, or in financial competition with, the subject matter or materials discussed in this article.
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